We report below on nuclear magnetic resonance investigations of the structure and exchange kinetics for the free acid, anion, sodium complex, and barium complex of the ionophore lasalocid A (X537A) in methanol solution. A comparison between the proton and carbon longitudinal relaxation times of lasalocid in nonpolar and polar solvents demonstrates that the free acid (HX) is a monomer in methanol solution. Parallel proton and carbon relaxation measurements demonstrate that the anion (X-), sodium complex (NaX), and barium complex (BaX+) are also monomeric in methanol solution. These results are in contrast to the Na2X2 dimer and the BaX2-H20 dimer observed in crystals and in nonpolar (cyclohexane and methylene chloride) solutions. Large downfield shifts on complex formation (X-to NaX and BaX+) are detected for protons located on the polar face of the ionophore with their C-H bonds directed towards and proximal to the metal ion. The exchange of lasalocid anion between free (X-) and complexed (BaX+) states in methanol can be monitored from the temperature-dependent line shapes of the proton resonances at superconducting fields. The exchange rates are independent of the reactant concentrations and are characteristic of a rate-determining dissociation of BaX+ in methanol solution with activation parameters AWt = 6.5 kcal molh (250) and ASt = -20.0 cal molh degree-' (1 cal = 4.184 J). The rate constants for dissociation and formation of BaX+ complex in methanol, 250, are 5.2 X 10:3 sect and 1.5 X 1010 M-l sect, respectively. These studies were extended to derive the activation parameters for the exchange of lasalocid anion between BaX+ and NaX and between BaX+ and HX in methanol, while the exchange among HX, X-, and NaX is too rapid to be monitored on the time scale of nuclear magnetic resonance.
The ability of linear carboxylic polyether antibiotics to complex alkali and alkaline earth ions and transport them across membranes has generated considerable interest in the structure, activity, and biosynthesis of this new class of ionophores (1, 2) . Lasalocid A, (X537A), from Streptomyces lasaliensis (3), exhibits the structure and absolute configuration presented in Fig.  1 (4, 6) . Crystallographic studies have demonstrated that the free acid (7) and the sodium (8) and barium (4, 9) salts are dimers in the crystal with the polyether chain adopting similar cyclized backbone conformations stabilized by intramolecular hydrogen bonds. Investigations of lasalocid A and its salts in solution have elucidated various aspects of the structure, stoichiometry, thermodynamics, and kinetics of complex formation (10) (11) (12) (13) (14) (15) .
In an earlier nuclear magnetic resonance (NMR) paper (16) we demonstrated from proton and carbon relaxation measurements that the free acid exists as a monomer, while the Na and Ba salts exist as dimers in nonpolar solutions. The chemical shifts and coupling constants yielded structural information on the ionophore backbone and the ion complexation site, while the intramolecular hydrogen bonds and bound solvent molecules were monitored by the hydroxyl proton resonances. Kinetic parameters were derived from the proton line width changes associated with the exchange between free acid and the barium salt in nonpolar solution (16) .
This paper extends our structural and kinetic NMR investigations of the free acid, anion, and Na and Ba salts of lasalocid A to polar solvents. EXPERIMENTAL Materials. Generous quantities of lasalocid A and its metal salts were provided by J. Westley This suggests that the barium and sodium complexes exhibit lasalocid anion/metal ratio = 1 in methanol, in agreement with earlier results from optical studies (11) . Spectral Parameters. The proton spectral parameters are assigned based on double resonance experiments for the sodium complex (X-/Na+ ratio = 1) and barium complex (X-/Ba++ ratio = 1) of lasalocid in methanol. The proton assignments for the free acid in methanol were correlated to those of the sodium complex by gradual addition of NaNO3 to lasalocid in methanol. The proton NMR chemical shifts for 5.5 mM solution of lasalocid A, lasalocid anion, sodium complex (X-/Na+ ratio = 1), and barium complex (X-/Ba++ ratio = 1) are summarized in Table 1 .
The carbon spectral assignments for the sodium complex in methanol were correlated to the known assignments in methylene chloride (8, 16) respectively, are associated with the formation of the Na and Ba complexes in methanol.
We summarize below several structural features observed in the x-ray analysis of each NaX unit in the Na2X2 structure (8) and the BaX unit in the BaX2-H20 structure (9) . The backbone of lasalocid adopts a cyclic conformation with protons H7, H1o, and H21 located on the polar face and protons HI1, H13, H14, and Hig located on the nonpolar face. (CPK models of each face are presented in ref. 16 .) The metal ions coordinate the oxygen atoms clustered on the polar face of the antibiotic with metal-to-proton distances increasing in the order H21 < HIo < H7 on the polar face and H14 < H9 < H13 on the nonpolar face.
The C7-H7 bond, and, to a lesser extent, the Clo-H1o bond are directed towards the metal ion, while the C7-H7', C13-H13, and C19-H19 bonds are directed away from the metal ion. The direction of the C21-H21 and C14-HI4 bonds are normal to their respective carbon-metal axis.
The large downfield shift at H7 and Hio associated with complex formation in methanol correlates with those protons on the polar face for which the C-H bonds are directed towards the metal ion and exhibit short metal-to-proton distances in the crystal. The electric field contribution due to the ion appears to be the predominant effect (23, 24) . The experimental NMR shifts on complex formation are much larger for the divalent Ba++ ion than the monovalent Na+ ion in methanol.
The 0.3 ppm upfield shift associated with the (CH3)37 resonance in the Na2X2 (8, 16) and BaX2-H20 (16) head-to-tail dimers in nonpolar solvents (cyclohexane and chloroform) is absent in the spectra of the NaX and BaX+ monomers in polar (methanol) solution. Since the (CH3)37 resonance of one lasalocid is shifted upfield by the ring current of the aromatic ring of its partner in the head-to-tail dimer in nonpolar solvents, it is not surprising that the spectra of the monomers in polar solvents lack this shift. Solvent Effects. We have observed a solvent-dependent chemical shift difference between the H7 and H7 resonances of lasalocid A (0.76 ppm in cyclohexane, 0.4 ppm in acetonitrile, and no difference in methanol). It has been demonstrated by others that the two methylene protons in ortho-substituted The sodium complex is a head-to-tail Na2X2 dimer in cyclohexane, while it is a NaX monomer in methanol. The variations in proton chemical shift for the sodium complex for a medium change from methanol to cyclohexane (Table 6 ) reflect a sum of solvation and dimerization effects. A comparison of the chemical shift changes with solvent polarity for the free acid with those for the sodium complex demonstrate that the dimerization effect associated with the sodium complex on going from methanol to cyclohexane (NaX -Na2X2) results in pronounced changes at H7 and H1o, which are located on the polar face (Table 6 ). A semi-logarithmic plot of (TraX+)-1, where TBaX+ is the lifetime of BaX+ with respect to exchange, versus T-1, for equal populations of BaX+ and X-in methanol is presented in Fig.   2 . The temperature dependence of the exchange rate, (Trax+)-', was found to be independent of the X-concentration. These results demonstrate that the exchange of lasalocid anion between free (X-) and complexed (BaX+) states proceeds through a rate-determining unimolecular dissociation of BaX+ to Xand solvated Ba++ in polar solvents.
The activation parameters (250) determined for the disso- sec-1, AHf = 4.5 + 1.5 kcal mol-', and ASt = -32 ± 6 cal mol-' degree-' (15) . Based on the published association equilibrium constant for BaX+ formation in methanol, pK = -6.46, 250 (11), we calculate an association rate constant for BaX+ formation, kform NiX+ complex formation in methanol (15) . The characteristic dissociation rate of solvent molecules from solvated Ni++ ion is about five orders of magnitude lower than that from solvated Ba++ ion (30) , and this result is reflected in the large difference in the formation rate constants for BaX+ and NiX+ in methanol. The rate constant for BaX+ formation in methanol approaches the estimated limit (-3 X 1010 M-1 sec-') for a diffusioncontrolled association between charged species (30) , and this suggests that BaX+ complex formation involves a stepwise substitution of methanol in the innermost coordination shell of the Ba++ by the oxygen atoms of the lasalocid. It should be stressed that the lasalocid anion cannot form a cavity and hence the polar face of the ionophore and methanol solvent molecules are both coordinated to the metal ion in the BaX+ and NaX complexes in polar solvents.
Semi-logarithmic plots of (aTBx+)-l against T-1 for the exchange of lasalocid anion between BaX+ and different concentrations of HX, and exchange between equal populations of BaX+ and NaX in methanol are presented in Fig. 3A and B, respectively. These plots, based on a line shape analysis of the Table 7) . The similarity of these three sets of exchanges indicates that the same unimolecular dissociation of BaX+ to Ba++ and X-is the rate-limiting step.
The exchange amongst NaX, X-, and HX in methanol is too rapid compared to the 360 MHz chemical shift difference at the H10 resonance for these structures, so that kinetic information cannot be deduced for the exchange between these species in polar solvents.
Note Added in Proof. The x-ray crystal structures of lasalocid A and of the sodium salt of lasalocid A as crystallized from methanol have very recently been shown to be monomeric. In each case a molecule of methanol sits above the hydrophilic region of the ionophore and, in the case of the salt, complexes to the Na+ ion (C. C. Chiang and I. C. Paul, unpublished data). 
